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Abstract
We study single jet and prompt-photon inclusive hadroproduction with multi-Regge kinematics
invoking the hypothesis of parton Reggeization in t-channel exchanges at high energy. In this ap-
proach, the leading contributions are due to the fusion of two Reggeized gluons into a Yang-Mills
gluon and the annihilation of a Reggeized quark-antiquark pair into a photon, respectively. Adopt-
ing the Kimber-Martin-Ryskin and Blu¨mlein prescriptions to derive unintegrated gluon and quark
distribution functions of the proton from their collinear counterparts, for which we use the Martin-
Roberts-Stirling-Thorne set, we evaluate cross section distributions in transverse momentum (pT )
and rapidity. Without adjusting any free parameters, we find good agreement with measurements
by the CDF and D0 Collaborations at the Tevatron and by the ATLAS Collaboration at the LHC
in the region 2pT /
√
S <∼ 0.1, where
√
S is the hadronic c.m. energy.
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I. INTRODUCTION
The study of jet and prompt-photon inclusive production at high-energy colliders, such
as the Fermilab Tevatron and the CERN LHC, is of great interest because it allows us
to test perturbative quantum chromodynamics (QCD) and to extract information on the
parton distribution functions (PDFs) of the proton. The presence of a jet or a photon with
large transverse momentum, pT ≫ ΛQCD, with ΛQCD being the asymptotic scale parameter,
guarantees that the strong coupling constant remains small in the processes discussed here,
i.e. typically αs(pT ) <∼ 0.1.
The total collision energies,
√
S = 1.8 TeV and 1.96 TeV in Tevatron runs I and II, respec-
tively, and
√
S = 7 TeV or 14 TeV at the LHC, sufficiently exceed the characteristic scale
µ of the relevant hard processes, which is of order of pT , i.e. we have ΛQCD ≪ µ≪
√
S. In
this high-energy regime, the contribution of partonic subprocesses involving t-channel par-
ton (gluon or quark) exchanges to the production cross section can become dominant. Then
the transverse momenta of the incoming partons and their off-shell properties can no longer
be neglected, and we deal with “Reggeized” t-channel partons. If the particles produced in
the collision are strongly separated in rapidity, they obey multi-Regge kinematics (MRK).
If the same situation is realized with groups of particles, then quasi-multi-Regge kinematics
(QMRK) is at work. In the case of single jet or prompt-photon inclusive production, this
means the following: A single jet or a prompt photon is produced in the central region of
rapidity, while other particles are produced with large modula of rapidities. In the experi-
ment, the requirement of separation in rapidity can be controlled by the so-called isolation
cone condition.
Previously, in Ref. [1], single jet inclusive production was studied in the Regge limit of
QCD using the Balitsky-Fadin-Kuraev-Lipatov (BFKL) framework [2], and it was shown
that the discrepancy between data and theory in the region of small values of xT = 2pT/
√
S
may be accounted for by the BFKL Pomeron. However, Pomeron exchange should be a
dominant mechanism only at asymptotically large energies. In fact, in the energy range of
the Tevatron and the LHC, the mechanism of Reggeized gluon and quark exchange should
be more adequate.
Later, in Ref. [3], the infrared-stable single jet inclusive cross section was calculated
at next-to-leading order (NLO) in the framework of high-energy factorization using the
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unintegrated gluon PDF of the asymptotic BFKL approach and the one simply obtained
by differentiating the collinear one w.r.t. the scale parameter, in compliance with BFKL
evolution. The scatterings of off-shell partons were described by generalized cross sections
calculated in the QMRK approach [4]. In contrast to the case of collinear factorization, NLO
corrections were found to diminish the single jet inclusive cross section in the framework
of high-energy factorization. However, in Ref. [3], the region of very small jet transverse
momentum, pT < 20 GeV, was analyzed, which lies far below the pT range studied exper-
imentally at the Tevatron and the LHC, pT > 50 GeV, so that the predictions of Ref. [3]
cannot be tested. Also taking into account that the unintegrated gluon PDFs are so far not
well constrained, we consider the result of Ref. [3] to be preliminary and approximate.
The parton Reggeization framework [4] is particularly appropriate for this kind of high-
energy phenomenology. It is based on an effective quantum field theory implemented with
the non-Abelian gauge-invariant action including fields of Reggeized gluons [5] and Reggeized
quarks [6].
Recently, this approach was successfully applied to interpret the production of prompt
photons [7], diphotons [8], charmed mesons [9], bottom-flavored jets [10], charmonia [11], and
bottomonia [12] as measured at the Tevatron and at DESY HERA in the small-xT regime.
In this paper, we continue our work in the parton Reggeization framework by studying
the distributions in transverse momentum and rapidity (y) of single jet and prompt-photon
inclusive hadroproduction. We assume the MRK production mechanism to be the dominant
one at small xT values. We compare our results with experimental data taken by the CDF
[13] and D0 [14–16] Collaborations at the Tevatron with
√
S = 1.8 TeV and 1.96 TeV and by
the ATLAS Collaboration [17, 18] at the LHC with
√
S = 7 TeV. We also present predictions
for the pT and y distributions of single jet and prompt-photon inclusive production at the
LHC with
√
S = 14 TeV.
II. BORN AMPLITUDES WITH MULTI-REGGE KINEMATICS
We examine single jet and prompt-photon inclusive production in proton-antiproton col-
lisions at the Tevatron and in proton-proton collisions at the LHC. To leading order (LO) in
the parton Reggeization framework, the relevant hard-scattering processes are R +R → g
and Q +Q → γ, where R is a Reggeized gluon, g is a Yang-Mills gluon, Q is a Reggeized
4
quark, and γ is a photon. Working in the center-of-mass (c.m.) frame, we write the four-
momenta of the incoming hadrons as P µ1,2 = (
√
S/2)(1, 0, 0,±1) and those of the Reggeized
partons as qµi = xiP
µ
i +q
µ
iT (i = 1, 2), where xi are the longitudinal momentum fractions and
qµiT = (0,qiT , 0), with qiT being transverse two-momenta, and we define ti = −q2iT = q2iT .
The gluon and photon produced in the 2 → 1 partonic subprocesses have four-momentum
pµ = qµ1 + q
µ
2 = (p
0,pT , p
3), with p2T = t1 + t2 + 2
√
t1t2 cosφ12, where φ12 is the azimuthal
angle enclosed between q1T and q1T . Introducing the light-cone vectors (n
±)µ = (1, 0, 0,±1),
we define k± = k · n± for any four-vector kµ.
The Fadin-Kuraev-Lipatov effective RRg vertex reads [2, 19]:
Cg,µRR(q1, q2) = −
√
4piαsf
abc q
+
1 q
−
2
2
√
t1t2
[
(q1 − q2)µ + (n
+)µ
q+1
(
q22 + q
+
1 q
−
2
)
− (n
−)µ
q−2
(
q21 + q
+
1 q
−
2
)]
,
(1)
where αs is the strong-coupling constant, a and b are the color indices of the Reggeized
gluons with incoming four-momenta q1 and q2, and f
abc are the structure constants of the
color group group SU(3). The squared amplitude of the partonic subprocess R+R → g is
straightforwardly found from Eq. (1) to be
|M(R+R → g)|2 = 3
2
piαsp
2
T . (2)
Neglecting quark masses, the effective QQγ and QQg vertices read [20]:
C
γ/g,µ
QQ
(q1, q2) = C
γ/g
1
[
γµ − /q
1
(n−)µ
q−1 + q
−
2
− /q
2
(n+)µ
q+1 + q
+
2
]
, (3)
where Cγ1 = −i
√
4piαeq, with α being Sommerfeld’s fine-structure constant and eq being the
fractional charge of quark q (and its Reggeized variant Q), and Cg1 = −i
√
4piαsT
a, with T a
being a generator of SU(3). The squared amplitudes of the partonic subprocesses QQ → γ
and QQ → g are found from Eq. (3) to be
∣∣∣M (Q+Q → γ/g)∣∣∣2 = Cγ/g2 (t1 + t2), (4)
where Cγ2 = (4/3)piαe
2
q and C
g
2 = (16/3)piαs.
III. CROSS SECTIONS
Exploiting the hypothesis of high-energy factorization, we may write the hadronic cross
sections dσ as convolutions of partonic cross sections dσˆ with unintegrated PDFs Φha of
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Reggeized partons a in the hadrons h, as
dσ (pp→ j +X) =
∫
dx1
x1
∫
d2q1T
pi
∫
dx2
x2
∫
d2q2T
pi
Φpg(x1, t1, µ
2)Φpg(x2, t2, µ
2)dσˆ (RR → g) ,
(5)
and similarly for pp collisions and single prompt-photon production. For the reader’s con-
venience, we also present here a compact formula for the double differential distribution in
pT = |pT| and y, which follows from Eq. (5) and reads:
dσ
dpT dy
(pp→ j +X) = 1
p3T
∫
dφ1
∫
dt1Φ
p
g(x1, t1, µ
2)Φpg(x2, t2, µ
2)|M (RR → g)|2, (6)
where φ1 is the azimuthal angle enclosed between q1T and pT ,
x1,2 =
pT exp(±y)√
S
, t2 = t1 + p
2
T − 2pT
√
t1 cosφ1. (7)
In the case of single prompt-photon inclusive production, we take the first three quark
flavors, u, d, and s, to be active. Since we work at LO, the produced jet has zero invariant
mass m, so that transverse energy ET =
√
p2T +m
2 and transverse momentum pT coincide
and so do rapidity y = (1/2) ln[(p0 + p3)/(p0 − p3)] and pseudorapidity η = − ln tan(θ/2),
where θ is the angle enclosed between the jet and beam axes.
The unintegrated PDFs Φha(x, t, µ
2) are related to their collinear counterparts F ha (x, µ
2)
by the normalization condition,
xF ha (x, µ
2) =
∫ µ2
dtΦha(x, t, µ
2), (8)
which yields the correct transition from formulas in the QMRK approach to those in the
collinear parton model, where the transverse momenta of the partons are neglected. In our
numerical analysis, we adopt as our default the prescription proposed by Kimber, Martin,
and Ryskin (KMR) [21] to obtain unintegrated gluon and quark PDFs of the proton from
the conventional integrated ones, as implemented in Watt’s code [22]. As is well known [23],
other popular prescriptions, such as those by Blu¨mlein (B) [24] or by Jung and Salam [25],
produce unintegrated PDFs with distinctly different t dependences. In order to assess the
resulting theoretical uncertainty, we also evaluate the unintegrated gluon PDF using the B
approach, which resums small-x effects according to the BFKL equation. As input for these
procedures, we use the LO set of the Martin-Roberts-Stirling-Thorne (MRST) [26] proton
PDFs as our default. In order to estimate the theoretical uncertainty due to the freedom in
6
the choice of the PDFs, we also use the CTEQ6L1 set by the CTEQ Collaboration [27] as
well as the Glu¨ck-Reya-Vogt (GRV) [28] LO set.
Throughout our analysis the renormalization and factorization scales are identified and
chosen to be µ = ξpT , where ξ is varied between 1/2 and 2 about its default value 1 to
estimate the theoretical uncertainty due to the freedom in the choice of scales. The resulting
errors are indicated as shaded bands in the figures.
IV. RESULTS
We are now in a position to present our theoretical predictions and to compare them with
experimental measurements. We first consider single jet inclusive production. Recently,
the CDF [13] (D0 [14]) Collaboration presented new data from Tevatron run II, which
correspond to an integrated luminosity of 1.13 fb−1 (0.70 fb−1) and cover the kinematic
range 62 GeV < pT < 700 GeV (50 GeV < pT < 600 GeV) and |y| < 2.1 (|y| < 2.4). The
CDF and D0 data are compared with our MRK predictions in Figs. 1 and 2, respectively.
We find good agreement for pT <∼ 100 GeV, which corresponds to xT <∼ 0.1, while our
default predictions overshoot the data for larger values of pT . This may be understood by
observing that the average values of the scaling variables x1 and x2 in Eq. (6) are of order
xT , and the MRK picture ceases to be valid for xi >∼ 0.1. For xT >∼ 0.1, one needs to
resort to the collinear parton model, which starts with 2→ 2 partonic subprocesses at LO.
Since the unintegrated quark PDFs are greatly suppressed compared to the gluon one, the
contributions due to partonic subprocesses involving Reggeized quarks, such as RQ → q
and QQ → g, are expected to be relatively small in the relevant xT range, xT >∼ 0.1.
The predictions obtained using the B approach undershoot the default ones leading to a
better description of the experimental data at large values of pT , where the MRK picture is,
however, not expected to apply. However, they undershoot the experimental data at large
values of |y| throughout the whole pT range considered.
In Figs. 1 and 2, the theoretical uncertainties due to the fredom in the choices of the
renormalization and factorization scales are indicated for the default predictions by the
shaded bands. Our limited knowledge of the unintegrated PDFs also contributes to the
theoretical uncertainty. In Figs. 3 and 4, we investigate this source of theoretical uncertainty
for the pT distribution of single jet inclusive hadroproduction in pp collisions with
√
S =
7
1.96 TeV integrated over the rapidity intervals |y| < 0.1 and 1.6 < |y| < 2.1, respectively.
Specifically, we consider the evaluations, for ξ = 1, with the CTEQ6L1 [27] and GRV LO [28]
PDFs normalized to the ones with the MRST LO PDFs [26]. These ratios are typically well
contained within the bands generated by varying ξ between 1/2 and 2 in the evaluations with
the MRST LO PDFs. We thus conclude that scale variations provide reasonable estimates
of the overall theoretical uncertainties in the evaluations based on the KMR approach.
Moving on from the Tevatron to the LHC, which is currently running at
√
S = 7 TeV,
being about 3.5 larger than at the Tevatron, one expects the pT range of validity of the
MRK picture to be extended by the same factor, to pT <∼ 350 GeV. This expectation is
nicely confirmed in Figs. 5 and 6, where a recent measurement by the ATLAS Collaboration
[17], which is based on an integrated luminosity of 17 nb−1 and covers the kinematic range
60 GeV < pT < 600 GeV and |y| < 2.8, is compared with our MRK predictions for the pT
and y distributions, respectively. In fact, useful agreement is found even through the largest
pT values accessed by this measurement.
Note that, in Ref. [17], jets are identified using the anti-kt jet-clustering algorithm with
two different values of the jet-size parameter R =
√
(∆y)2 + (∆φ)2, namely R = 0.4 and
R = 0.6. The ATLAS data shown in Figs. 5 and 6 refer to R = 0.6. The agreement is
somewhat worse for R = 0.4. This may be understood by observing that the MRK picture
assumes a strong hierarchy in y and thus prefers a stronger isolation. Our LO prediction
does not yet depend on R.
In Figs. 7 and 8, we repeat the MRK analyses of Figs. 5 and 6 for the LHC design c.m.
energy
√
S = 14 TeV, where we expect the pT range of validity to be roughly pT <∼ 700 GeV.
Let us now turn to single prompt-photon inclusive production. In Figs. 9 and 10, we
compare our MRK predictions with data taken by the D0 Collaboration in Tevatron runs I
[15] and II [16], respectively. The analysis of Ref. [15] ([16]) is based on an integrated
luminosity of 107.6 pb−1 (326 pb−1) and covers the kinematic range 10 GeV < ET < 140 GeV
(23 GeV < pT < 300 GeV) and |η| < 2.5 (|η| < 0.9). We find reasonable agreement through
ET ≈ 85 GeV (pT ≈ 60 GeV) for the central events, with |η| < 0.9, from run I [15] (run II
[16]), but only through pT ≈ 36 GeV for the forward events, with 1.6 < |η| < 0.9, from
run I [15]. Fragmentation production, via partonic subprocesses such as RQ → q → γ and
RR → g → γ, should be numerically small compared to direct production and is neglected
in our exploratory analysis.
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In Fig. 11, we compare our MRK predictions with a very recent measurement by the
ATLAS Collaboration, which is based on an integrated luminosity of 880 nb−1 and covers
the kinematic range 15 GeV < pT < 100 GeV and |η| < 1.81. The agreement is found to be
excellent, as expected because of the small xT values probed.
Finally, we repeat the MRK analyses of Fig. 11 for
√
S = 14 TeV and show the results
in Fig. 12.
V. CONCLUSIONS
The Tevatron and, even more so, the LHC are currently probing particle physics at
terascale c.m. energies
√
S, so that the hierarchy ΛQCD ≪ µ≪
√
S, which defines the MRK
regime, is satisfied for a wealth of QCD processes of typical energy scale µ.
In this paper, we studied two QCD processes of particular interest, namely single jet
and prompt-photon inclusive hadroproduction, at LO in the MRK approach, in which they
are mediated by 2 → 1 partonic subprocesses initiated by Reggeized gluons and quarks,
respectively. Despite the great simplicity of our analytic expressions, we found excellent
agreement with single jet [17] and prompt-photon [18] data taken just recently by the ATLAS
Collaboration in pp collisions with
√
S = 7 TeV at the LHC. By contrast, in the collinear
parton model of QCD, it is necessary to take into account NLO corrections and to perform
soft-gluon resummation in order to obtain a comparable degree of agreement with the data,
both for jet [29] and prompt-photon [30] inclusive production. However, our findings have to
be taken with a grain of salt, since our LO approach does not yet accommodate the concepts
of single-jet cone radius and prompt-photon isolation cone and neglects fragmentation to
prompt photons.
On the other hand, comparisons with data taken by the CDF and D0 Collaborations at
the Tevatron in pp collisons with
√
S = 1.8 TeV and 1.96 TeV, which is roughly a factor of
3.5 below the value presently reached by the LHC, disclosed the limits of applicability of the
MRK picture. In fact, the MRK approximation appears to break down for xT >∼ 0.1 in the
case of single jet production and somewhat below that in the case of single prompt-photon
production.
These findings are in line with our previous studies of the MRK approach, applied to the
production of prompt photons [7], diphotons [8], charmed mesons [9], bottom-flavored jets
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[10], charmonia [11], and bottomonia [12]. Here and in Refs. [7–12], parton Reggeization
was demonstrated to be a powerful tool for the theoretical description of QCD processes in
the high-energy limit.
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FIG. 1: The transverse-momentum distributions of single jet inclusive hadroproduction measured
in the rapidity intervals (1) |y| < 0.1 (× 106), (2) 0.1 < |y| < 0.7 (× 103), (3) 0.7 < |y| < 1.1, (4)
1.1 < |y| < 1.6 (× 10−3), and (5) 1.6 < |y| < 2.1 (× 10−6) by the CDF Collaboration in Tevatron
run II [13] are compared with our LO MRK predictions evaluated in the KMR (solid histograms)
and B (dashed histograms) approaches using the MRST PDFs. The shaded bands indicate the
scale uncertainties in the KMR evaluations.
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FIG. 2: The transverse-momentum distributions of single jet inclusive hadroproduction measured
in the rapidity intervals (1) |y| < 0.4 (× 5 · 105), (2) 0.4 < |y| < 0.8 (× 5 · 103), (3) 0.8 < |y| < 1.2
( × 50), (4) 1.2 < |y| < 1.6, (5) 1.6 < |y| < 2.0 ( × 0.1), and (6) 2.0 < |y| < 2.4 ( × 10−2) by the
D0 Collaboration in Tevatron run II [14] are compared with our LO MRK predictions evaluated in
the KMR (solid histograms) and B (dashed histograms) approaches using the MRST PDFs. The
shaded bands indicate the scale uncertainties in the KMR approach.
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FIG. 3: Theoretical uncertainties in the KMR approach due to the freedom in the choices of
scales and unintegrated PDF set in the transverse-momentum distribution of single jet inclusive
hadroproduction in pp collisions with
√
S = 1.96 TeV integrated over the rapidity interval |y| < 0.1.
The evaluation with the MRST LO set and ξ varied in the interval 1/2 < ξ < 2 (shaded band) and
those with the (1) CTEQ6L1 and (2) GRV LO sets and ξ = 1 are normalized to the one with the
MRST LO set and ξ = 1.
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FIG. 4: Theoretical uncertainties in the KMR approach due to the freedom in the choices of
scales and unintegrated PDF set in the transverse-momentum distribution of single jet inclusive
hadroproduction in pp collisions with
√
S = 1.96 TeV integrated over the rapidity interval 1.6 <
|y| < 2.1. The evaluation with the MRST LO set and ξ varied in the interval 1/2 < ξ < 2 (shaded
band) and those with the (1) CTEQ6L1 and (2) GRV LO sets and ξ = 1 are normalized to the
one with the MRST LO set and ξ = 1.
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FIG. 5: The transverse-momentum distributions of single jet inclusive hadroproduction measured
in the rapidity intervals (1) |y| < 0.3 ( × 108), (2) 0.3 < |y| < 0.8 ( × 106), (3) 0.8 < |y| < 1.2
( × 104), (4) 1.2 < |y| < 2.1 ( × 102), and (5) 2.1 < |y| < 2.6 by the ATLAS Collaboration at the
LHC [17] are compared with our LO MRK predictions evaluated in the KMR (solid histograms)
and B (dashed histograms) approaches using the MRST PDFs. The shaded bands indicate the
scale uncertainties in the KMR evaluations.
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FIG. 6: The rapidity distributions of single jet inclusive hadroproduction measured in the
transverse-momentum intervals (1) 60 GeV < pT < 80 GeV, (2) 110 GeV < pT < 160 GeV,
(3) 210 GeV < pT < 250 GeV, and (4) 310 GeV < pT < 400 GeV by the ATLAS Collaboration at
the LHC [17] are compared with our LO MRK predictions evaluated in the KMR (solid histograms)
and B (dashed histograms) approaches using the MRST PDFs. The shaded bands indicate the
scale uncertainties in the KMR evaluations.
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FIG. 7: Transverse-momentum distributions of single jet inclusive hadroproduction in pp collisions
with
√
S = 14 TeV integrated over the rapidity intervals (1) |y| < 0.3 (×108), (2) 0.3 < |y| < 0.8
(×106), (3) 0.8 < |y| < 1.2 (×104), (4) 1.2 < |y| < 2.1 (×102), and (5) 2.1 < |y| < 2.6 as predicted
at LO in the MKR framework adopting the KMR (solid histograms) and B (dashed histograms)
approaches with the MRST PDFs. The shaded bands indicate the scale uncertainties in the KMR
evaluations.
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FIG. 8: Rapidity distributions of single jet inclusive hadroproduction in pp collisions with
√
S =
14 TeV integrated over the transverse-momentum intervals (1) 60 GeV < pT < 80 GeV, (2)
110 GeV < pT < 160 GeV, (3) 210 GeV < pT < 250 GeV, and (4) 310 GeV < pT < 400 GeV
as predicted at LO in the MKR framework adopting the KMR (solid histograms) and B (dashed
histograms) approaches with the MRST PDFs. The shaded bands indicate the scale uncertainties
in the KMR evaluations.
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FIG. 9: The transverse-energy distributions of single prompt-photon inclusive hadroproduction
measured in the pseudorapidity intervals (1) |η| < 0.9 ( × 10) and (2) 1.6 < |η| < 2.5 by the D0
Collaboration in Tevatron run I [15] are compared with our LO MRK predictions. The shaded
bands indicate the theoretical uncertainties.
22
100 20080604020
pTg, GeV
10-3
10-2
10-1
100
101
102
103
d2
s
(p 
p Ø
g
X)
/d
p T
g
dh
,
 
pb
/G
e
V
FIG. 10: The transverse-momentum distribution of single prompt-photon inclusive hadroproduc-
tion measured in the pseudorapidity interval |η| < 0.9 by the D0 Collaboration in Tevatron run II
[16] is compared with our LO MRK predictions. The shaded band indicates the theoretical uncer-
tainty.
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FIG. 11: The transverse-momentum distributions of single prompt-photon inclusive hadroproduc-
tion measured in the pseudorapidity intervals (1) |η| < 0.6 ( × 102), (2) 0.6 < |η| < 1.37 ( × 5),
and (3) 1.52 < |η| < 1.81 by the ATLAS Collaboration at the LHC [17] are compared with our LO
MRK predictions. The shaded bands indicate the theoretical uncertainties.
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FIG. 12: Transverse-momentum distributions of single prompt-photon inclusive hadroproduction
in pp collisions with
√
S = 14 TeV integrated over the pseudorapidity intervals (1) |η| < 0.6 (×102),
(2) 0.6 < |η| < 1.37 ( × 5), and (3) 1.52 < |η| < 1.81 as predicted at LO in the MKR approach.
The shaded bands indicate the theoretical uncertainties.
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